The purpose of this study was to determine whether changes in the synovial fluid (SF ) induced by in vivo loading can induce an alteration in the metabolic activity of chondrocytes in vitro. Therefore, SF was collected from ponies after a period of box rest and after they had exercise for a week. Normal, unloaded articular cartilage explants were cultured in 20% solutions of these SFs for 4 days and chondrocyte activity was determined by glycosaminoglycan (GAG) turnover. In explants cultured in post-exercise SF, GAG synthesis was enhanced and GAG release was diminished when compared to cultures in pre-exercise SF. SF analysis showed that levels of insulin-like growth factors (IGF-I and IGF-II ) tended to be higher in post-exercise SF, while no differences were found in metalloproteinase activity, hyaluronic acid and protein concentrations. This study showed that anabolic effects of joint loading on cartilage are, at least partially, mediated by alterations in the SF.
M reports have demonstrated the influence of pressure, osmotic pressure, electric potential gradients, interstitial pH, cell-matrix interactions, and the shape mechanical stress on cartilage metabolism, involving of the chondrocyte and its nucleus. Each of these the turnover of proteoglycans (PG), one of the main factors has been shown to influence chondrocyte activmatrix components and of importance to the physical ity in vitro [7, [14] [15] [16] [17] [18] , but whether these factors act properties of cartilage. Animal studies in vivo have directly on intracellular pathways or indirectly by shown that immobilization of joints leads to a decrease means of humoral signals, autocrine or paracrine, is in PG synthesis and total PG content in cartilage not known. [1] [2] [3] , whereas the PG content is enhanced in cartilage Another open question is whether chondrocytes are of animals that were exercised regularly [4] [5] [6] . Static the only cells that signal loading or whether other compression of articular cartilage in vitro decreases PG intra-articular structures can also respond to exercise synthesis and increases the loss of PG [7, 8] . In and therefore contribute to the observed effects of contrast, dynamic stress increases PG synthesis and loading on chondrocytes in vivo. For example, cells of promotes the retention of PG in cartilage explants and synovial tissue may well respond to loading by produin chondrocyte cultures [7] [8] [9] [10] .
cing humoral factors such as growth hormones, cytoBoth the frequency and severity of joint loading are kines and enzymes which are released into the synovial also important determinants in the development of fluid (SF ). Furthermore, as a filtrate of the blood, SF osteoarthritis, a degenerative joint disease charactercan also contain systemic factors induced by exercise ized by damage to the articular cartilage [11] . This is that influence chondrocyte metabolism. Since SF is in particularly evident with horses since a considerable direct contact with cartilage and is the important number of horses end their athletic career prematurely source of nutrition of cartilage, all these humoral because of osteoarthritis. The general idea is that the factors found in the SF may contribute to maintaining underlying cause of this disease is an imbalance cartilage integrity. between the synthesis and breakdown of matrix macro-
The aim of the present study was to determine molecules. This is reflected in an early stage of disease whether the influence of joint loading on chondrocyte by loss of PG molecules [5, 12] , which have a relatively activity is only a direct effect due to cartilage deformarapid turnover [13] . tion, or is also mediated by humoral signals. Therefore, Mechanical loading of the joint can induce a variety we investigated whether SF, taken from ponies postof physiological changes that may contribute to the exercise when compared to pre-exercise, alters PG signalling of the load to the chondrocyte. Deformation metabolism of autologous unloaded cartilage in of the cartilage induces changes in fluid flow, fluid explant culture. In addition, differences in composition of pre-and post-exercise SF in levels of total protein, cartilage samples were rinsed twice in ice-cold phosmonth after the exercise before they were killed for phate-buffered saline (PBS ) and stored at −20°C. educational purposes. Full-thickness cartilage was cut Thawed cartilage explants were digested with 1 U/ml into square pieces (~2 × 2 mm) and the wet weight papain (Sigma, St Louis, MO, USA) in 400 ml of (ww) of the explants (5-20 mg) was determined 50 m phosphate buffer (pH 6.5), containing 2 m aseptically. The explants were cultured individually in Na 2 EDTA and 2 m cysteine, for 4 h at 65°C. In 200 ml of medium in round-bottomed 96-well poly-200 ml of the digest, sulphated GAGs were precipitated styrene microtitre plates (Nunc, Roskilde, Denmark)
by adding a 200 ml suspension of DEAE-Sepharose at 37°C in a humidified atmosphere of 5% CO 2 in air. CL-6B (Pharmacia, Uppsala, Sweden). The precipitate The standard medium, consisting of Dulbecco's modiwas washed twice with 1.5 ml of 0.3  NaCl to remove fied Eagle's medium (DMEM ) (Gibco, Breda, The the free 35SO2− 4 . Then, DEAE-Sepharose particles and Netherlands), 0.85 m ascorbic acid, 2 m glutamine, adherent sulphated GAGs were suspended in water 100 IU/ml penicillin and 100 IU/ml streptomycin and Lumagel (Lumac LSC BV, Groningen, The sulphate, was enriched with 10% heat-inactivated Netherlands) and 35SO2− 4 radioactivity was measured pooled pony serum.
by liquid scintillation analysis. Total sulphate incorporation rate was calculated from the 35SO2− 4 incorporaPilot study for culture of cartilage explants in synovial tion rate and the specific activity of the medium, and fluid was normalized to the wet weight of the sample. To determine whether it was possible to use cell-free SF without anti-coagulation additives, we compared Determination of glycosaminoglycan turnover equine cartilage explants cultured in several concentraTo determine the turnover of newly synthesized tions of equine SF with culture in medium with 10% GAGs, explants were labelled for 4 h with the horse serum. After explants had been pre-cultured for
[35S]sulphate after the 4 day culture period in the 1 day, medium was replaced by 20% SF in DMEM, presence or absence of SF, then rinsed three times for 50% SF in DMEM, 100% SF, or 10% horse serum in 15 min with PBS (20°C ) and for 1 h with standard DMEM, all with the vitamin, amino acid and antibiotic medium (37°C ). Thereafter, the explants were cultured additives as indicated above which were added in a for an additional 6 days in 10% serum in standard negligible volume (<1% v/v). SF was used either with medium without label (chase period), during which or without heat inactivation (56°C for 15 min). After the medium was replaced after 2 days. Chase media at 4 days of culture, glycosaminoglycan (GAG) synthesis day 2 and 6 were pooled and were frozen at −20°C was determined by 35S incorporation.
[35S]Sulphate until further handling, as were the explants. To deterwas either added to the experimental culture media, or mine the release of newly formed GAGs, polysulphated the explants were transferred to standard medium GAGs in the chase media and in papain-digested without serum or SF just before [35S ]sulphate was explants were precipitated by DEAE-Sepharose. The added. Release of GAGs was measured by assessment precipitates were washed twice with 0.3  NaCl and of the amount of GAGs in the culture media of the 4 35SO2− 4 radioactivity was measured by liquid scintillation analysis. Release of the newly synthesized GAGs day culture period.
is expressed as a percentage of the total amount of SF is required if it is to be used as a medium supplement. When SF was used without heat inactivation, newly synthesized GAGs:
GAG release was doubled and the rate of GAG synthesis was two times lower. In explants cultured 6) × 100%.
with heat-inactivated SF, the sulphate incorporation increased approximately linearly with the SF concen-
Determination of glycosaminoglycan release
Samples of papain-digested experimental culture tration in the culture medium (Fig. 1) . The GAG release for all SF concentrations was the same and media and SF were analysed for polysulphated GAG by a modified 1,9-dimethylmethylene blue (DMMB) similar to the GAG release in the 10% serum culture.
Although it is possible to culture in 100% SF, in this assay described by Farndale et al. [20] . To 40 ml sample, 40 ml of 3% (w/v) bovine serum albumin study a 20% (v/v) supplement of SF to DMEM was used because of the limited volume of SF that could (Sigma, St Louis, USA) and 1 ml of reagent [46 m DMMB (Sigma, St Louis, USA), 40 m glycine and be collected from the carpal joints of ponies. To measure sulphate incorporation, SF-containing culture 42 m NaCl adjusted to pH 3.0 with HCl ] were added and after 30 min the absorbance at 525 nm was measmedia were replaced by SF-free media prior to the addition of [35S ]sulphate, so that the specific activity ured. The assay was standardized with shark chondroitin sulphate (Sigma, St Louis, USA). GAG levels of the label was defined. measured in media that contained SF were corrected for GAGs that were already present in the SF, which
Experimental culture conditions Figure 2 shows time courses for the metabolic activwere determined for each SF sample individually; GAG levels of pre-and post-exercise SF were always ity of cartilage explants cultured in 20% SF taken before and after exercise, and of a 10% serum control. comparable (difference <~10%) and never accounted for more than half of the total amount of GAGs
These data indicate that pre-exercise SF decreased the metabolic activity of the cartilage explants after 3 or 4 measured in the culture media.
days in culture. This prompted a survey of eight ponies, from which experimental data are collected in Fig. 3 .
SF analysis
Total protein in SF samples was determined accordIncorporation of sulphate was significantly higher in the cartilage explants after 4 days of culture in posting to Lowry et al. [21] . The hyaluronic acid (HA) concentration was determined after removal of the exercise SF than in cartilage explants cultured in pre-exercise SF (Fig. 3A) , on average 14.2 ± 1.3 sulphated GAGs by adding an equal volume of a suspension of DEAE-Sepharose CL-6B in 1  NaCl and 7.4 ± 1.1 nmol/g × h, respectively (P < 0.01). Sulphate incorporation levels of explants cultured in and subsequent centrifugation (10 000 g for 1 min). In the supernatant, HA concentration was determined by measuring the amount of uronic acid according to Blumenkranz and Asboe-Hansen [22] using an HA standard (Sigma, St Louis, USA). The activity of MMPs was measured by means of a fluorometric assay with MMP-specific substrate as recently described by Beekman et al. [23] . Heterologous radioimmunoassays were used to measure concentrations of IGF-I [24] and IGF-II [25] , after IGF had been extracted from 100 ml of SF with 400 ml of a mixture of ethanol and 2  formic acid (87.5 and 12.5% v/v, respectively) [25] .
Calculations and statistical analysis
Because of local differences in bioactivity of the cartilage on the femoral condyles, the results of 10 explants taken at random and handled individually were averaged and taken as a representative value for each experimental condition. The Wilcoxon signed rank test was used to test statistical differences; for correlation analysis, the two-tailed Spearman correlation test was used; P values of <0.05 were considered significant. Values are expressed as mean ± ... exercise SF ( Fig. 3B ). On average, GAG release in 10% serum control was 1.8 ± 0.2 mg/mg ww. Explants cultured in SF sampled after exercise had a significantly lower GAG release
RESULTS

Pilot study for culture of cartilage explants in synovial
Release of newly synthesized GAGs determined by than explants cultured in SF sampled before exercise (P < 0.05).
a 6 day chase in 10% serum of the 35S-labelled cartilage explants showed a slight, but significantly (P < 0.02) lower GAG turnover rate in explants cultured in 20% post-exercise SF (19.5 ± 2.3%) than in explants cultured in 20% pre-exercise SF (22.4 ± 2.4%), indicating the GAG release was more prominently decreased as that the retention time of the newly formed GAGs a result of exercise (comparison of each individual cultured in post-exercise SF was increased; [35S ]GAG pony in Fig. 3A and B) . release of 10% serum control was 21.7 ± 3.6% of total Results of SF analysis with regard to total protein, added to the [35S ]GAGs that remained in the explant HA, IGF-I and -II levels and MMP activity measurefit well with the values found by direct measurements ments are shown in Table I . Although IGF-I and of 35S incorporation.
IGF-II levels tended to be higher in the SF sampled Comparison of data of the individual ponies shows after exercise compared to levels in pre-exercise SF, 50 that there was also a significant correlation (P < 0.02; and 30% respectively, differences were not statistically R = −0.86) between the difference in GAG synthesis significant. For the other parameters measured, no and the difference in GAG release caused by the significant differences in SF levels were found between exercise in each pony. So, when the [35S]sulphate incorporation was more prominently increased, then pre-and post-exercise SF samples. . In the present study compared to the effect of SF sampled from carpal set-up, however, no differences in MMP activity were joints of ponies that had had box rest. Furthermore, found between pre-and post-exercise SF. It should be the extracellular matrix is more stable, as shown by considered that MMP-9 and MMP-2, which are not the increased retention time of the newly formed GAGs involved in PG destruction, split the substrate that was in explants cultured in post-exercise SF. This strongly used in this assay 5 and 15 times faster, respectively, suggests that the effect of intensified joint loading on than MMP-3. Hence, small changes in MMP-2 and articular cartilage metabolism is not only mediated by MMP-9 activities might mask the possible changes in the activation of intracellular pathways as a direct MMP-3 activity. result of cartilage deformation, but that humoral
The fact that both HA and protein values were factors released into the SF contribute as well.
constant makes it unlikely that the volume of the SF Theoretically, factors that restrict PG content are was changed by resorption or exudation of fluid, or decreased or factors that stimulate PG content are that any significant inflammatory reaction was induced increased after exercise. Such factors can be derived by the exercise. from cartilage, subchondral bone, synovial tissue or Because the ponies were exercised during 1 week, they can be systemic factors filtered from the blood.
with the last exercise 30 min before the sampling of Likely candidates are enzymes, growth factors and SF, both long-and short-term effects might contribute. cytokines. IGF-I and IGF-II are known to stimulate It appears that the amount of exercise, mild to moderproteoglycan synthesis and to decrease the degradation ate, in this study was beneficial in terms of cartilage of PGs in cartilage explants in vitro [26] [27] [28] . Both metabolism because of the positive effect of the SF on metabolic changes occurred in cartilage cultured in GAG turnover of the explants. The direct effects of post-exercise SF. Moreover, when we compared the the joint loading on chondrocytes, however, were not GAG synthesis-time curve of the cartilage explant included in our experimental approach. Site-specific cultured in SF after exercise with that of cartilage cartilage composition, reflecting the net response of cultured in 10% serum, they were quite similar (Fig. 2) . the chondrocytes to the prevailing loading pattern with It is known that the addition of 10% serum to a cartilage PG content highest in heavily loaded regions cartilage culture stimulates the synthesis of GAGs [8, [4] , indicates that a change in SF during exercise is 29], and that this effect is mainly due to the presence not the only mechanism involved in the loading effect. of IGF-I in serum [26, 30] . This supports the idea that Conclusively, in this study we have shown that the difference in the effect of culture in SF before or chondrocyte metabolic activity is at least partially after exercise might be explained by differences in regulated by changes in the SF induced by in vivo IGF-I or IGF-II, taking into account that the action loading. Exercise altered the SF in a way that it had a of IGF-II is less potent than that of IGF-I [31]. This favourable effect on cartilage PG content by enhancing corroborates our finding that, although not statistically the PG synthesis and reducing the PG breakdown. significant, SF sampled after exercise contained almost Many possible candidates can participate in the loading twice as much of both these growth factors as SF effect, because the composition of the SF reflects the sampled before exercise.
combined extracellular pathways of all articular tissues. Possible sources of IGF can be IGF produced by IGF-I and IGF-II may be candidates in this respect. chondrocytes and synoviocytes as a signalling molecule in response to mechanical stress for paracrine or auto-A crine actions. Alternatively, IGF can enter the SF from
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